Sex allocation theory predicts that in a population with a biased operational sex ratio (OSR), parents will increase their ¢tness by adjusting the sex ratio of their progeny towards the rarer sex, until OSR has reached a level where the overproduction of either sex no longer increases a parent's probability of having grandchildren. Furthermore, in a monogamous mating system, a biased OSR is expected to lead to lowered mean fecundity among individuals of the more abundant sex. We studied the in£uence of OSR on the sex ratio of newborns and on the population birth rate using an extensive data set (n 14 420 births) from preindustrial (1775^1850) Finland. The overall e¡ect of current OSR on sex ratio at birth was signi¢cant, and in the majority of the 21 parishes included in this study, more sons were produced when males were rarer than females. This suggests that humans adjusted the sex ratio of their o¡spring in response to the local OSR to maximize the reproductive success of their progeny. Birth rate and, presumably, also population growth rate increased when the sex ratio (males : females) among reproductive age classes approached equality. However, the strength of these patterns varied across the parishes, suggesting that factors other than OSR (e.g. socioeconomic or environmental factors) may also have in£uenced the sex ratio at birth and the birth rate.
INTRODUCTION
Parents partition their reproductive e¡ort into production of sons and daughters, and it has been proposed that when the ¢tness returns from male and female o¡spring di¡er, parents should facultatively adjust sex ratio at birth (SRB) to maximize their own reproductive success (Trivers & Willard 1973; Charnov 1982) . Although there is ¢rm support for this adaptive sex allocation theory from studies of sex ratio variation in insects and mites (Wrensch & Ebbert 1993) , and studies of sex change in hermaphrodites (Warner 1975) , the existence of biased sex allocation by skewing sex ratios has been (e.g. Fisher 1930; Williams 1979; Charnov 1982; Clutton-Brock 1982) and remains (Hiraiwa-Hasegava 1993; Hardy & Krackow 1995) a controversial topic in taxa with chromosomal sex determination. However, an increasing number of empirical studies on birds (Ellegren et al. 1996; Svensson & Nilsson 1996; Komdeur et al. 1997 ) and on mammals (reviewed in Cassinello & Gomendio (1996) ), including humans (Bereczkei & Dunbar 1997) , now suggest the true adaptive nature of sex ratio variation. The evidence for the adaptive nature of sex ratio variation in these studies derives from the fact that the observed sex ratio skew among families is correlated with inherited or environmental factors expected to result in higher ¢tness among the overproduced sex.
Furthermore, as pointed out by Fisher (1930) , selection may also favour individuals biasing the o¡spring sex ratio in response to the ratio of reproductive males and females in the population, i.e. the operational sex ratio (OSR) (Werren & Charnov 1978; Charnov 1982) . For example, in a population with a female-biased adult sex ratio, a parent that produces more sons will have more grandchildren compared with a parent who produces more daughters or even equal numbers of o¡spring of each gender. However, studies showing apparent facultative adjustment of o¡spring sex ratio in response to OSR in diploid organisms are scarce (Trivers 1985) , involving, for example, a stinkbug (McLain & Marsh 1990 ) and a diploid aphid (Yamaguchi 1985) . In particular, there is little evidence for adaptive sex ratio adjustment in vertebrates in response to OSR (Clutton-Brock & Iason 1986 ), presumably at least partly due to di¤culties in detecting weak skews in sex ratios unless sample sizes are extensive.
This study investigates whether there were di¡erences in OSRs and SRBs (males : females) among the local human (Homo sapiens) populations in rural, pre-modern (1775^1850) Finland, and whether the SRB was predictable from the OSR of a given population. Because parents can be expected to increase their ¢tness by biasing the sex ratio of their progeny towards the rarer sex in a population with a biased OSR, we predicted that proportionally more sons would be born when the OSR of a population was female-skewed. Furthermore, in a monogamous mating system an OSR of 1:1 could be expected to lead to the maximization of birth rate and thus population growth rate, because a biased OSR might reduce mating opportunities of individuals of the more abundant sex, resulting in some fertile females or males being unable to reproduce due to not having a mate (Beiles 1974; CluttonBrock & Vincent 1991) . Therefore, we also tested the prediction that a biased OSR leads to a lowered mean fecundity among individuals of the more abundant sex, and thereby to a decreased birth rate in the population.
MATERIALS AND METHODS
All analyses are based on the demographic records of Finnish populations maintained by churches since the early seventeenth century. Data from 21 parishes, situated around the country (¢gure 1), were included in the analyses, and they were chosen on the basis of the completeness of the data, and to cover a representative range of di¡erent environmental conditions experienced by pre-industrial populations. The study period covers the years from 1775 to 1850, therefore ending before industrialization and improvement in health care were likely to have had signi¢cant e¡ects on the standard of living and survivorship. Despite the relatively small distances between some parishes located in southern Finland, permanent migration during the study era was rare as 90% of the marriages were contracted within villages or parishes (Nevanlinna 1972) . Furthermore, high incidence of recessive genetic diseases endemic to many parishes indicates that, historically, migration among parishes has been restricted (Nevanlinna 1972) .
Numbers of males and females belonging to the reproductive age cohort, sex ratio of newborn babies and birth rate of each parish were recorded as snapshots for every ¢fteenth year (i.e. cross-sectional data). In church books, the number of citizens recorded for each year indicates the number of females and males living in the parish at the end of the year. Individuals aged 15^50 years old were regarded as reproductive, and OSR was de¢ned as the ratio of reproductive males to females (Emlen & Oring 1977; Parker 1983) . Reproductive lifespan of human males is, however, di¤cult to estimate as males maintain their ability to sire o¡spring up to very old ages. However, Ka« a« r et al. (1996) have shown that the reproductive success of men depends heavily on their spouse. In addition, men living beyond the age of 50 were not very common during the studied period, and men reproducing after their ¢fties were even less common. Thus, the way in which we de¢ned OSR is likely to characterize the actual situation in the populations rather well. As the population size of di¡erent parishes varied from an average of 1534 people living in Pornainen to the average of 11325 living in Ikaalinen, the number of births in a given year was divided by the number of reproductive females in a given population in that year to obtain a standardized birth rate for a given parish. This was also necessary because in all parishes (except in Elima« ki, Pernaja and Paltamo), population growth was continuous during the study period, as indicated by signi¢cant positive correlations between population size (arranged into ¢ve-year periods) and time (Spearman rank correlation r s 0.53^0.99, n 16 in each of the 18 tests, all signi¢cant at an -level of 0.05 after sequential Bonferroni correction (Rice 1989) ). In the three remaining parishes, population size £uctuated widely, with no obvious trends through time. Because the sex ratio of embryos (Stinson 1985) and infants (Lummaa et al. 1998) has been shown to be a¡ected by environmental conditions, we also measured the overall mortality rate in a population to describe the quality of the local environment. Overall mortality was de¢ned as the proportion of all people that died in a given year in each parish, and it was assumed that fewer people survived when conditions were poor.
The in£uence of OSR and mortality rate (MR) on SRB and birth rate (BR) was analysed ¢rst by using a multivariate analysis of covariance (MANCOVA), which allows correction of the signi¢cance levels for multiple tests when two or more response variables are tested from the same set of individuals (Scheiner 1994) . In the MANCOVA model, parish was included as a factor, and OSR and MR as covariates. As the three-way interaction term, as well as the interactions between the covariates, were non-signi¢cant (OSR ÂMR Â parish: F 18,31 1.56, p 0.14; OSR ÂMR: F 2,30 0.18, p 0.84), they were removed from the model. Therefore, the OSR of a population was not connected to local mortality rate. Because MANCOVA revealed signi¢cant, or marginally signi¢cant, e¡ects for all of the independent variables in the model (table 1) , we also used univariate ANCOVAs to study both response variables separately.
Our replicates within each parish (records collected every ¢fteenth year) might not represent strictly statistically independent observations, as the individuals in successive observation moments were partly the same. However, due to a relatively 564 V. Lummaa and others Human sex ratio variation Proc. R. Soc. Lond. B (1998) Figure 1 . Location of the 21 study parishes in Finland. For the sake of simplicity, the approximate centre rather than the actual borders of each parish have been depicted. high death rate in Finland during the study period (Gille 1949) , individuals belonging to the reproductive age cohort probably changed rather extensively between the sampling occasions. Further, from a biological point of view, the response of humans to current environmental challenges during observation moments with 15-year intervals could be regarded as independent. For these reasons, we do not consider the structure of the data set as a major source of concern. Moreover, there was no evidence for systematic change in sex ratios during the study period as both OSR and SRB, arranged into ¢ve-year periods, were uncorrelated with time (OSR: Spearman rank correlation, r s 70.42 to 0.60, n 16 in each test, no signi¢cant p values after sequential Bonferroni correction; SRB: Spearman rank correlations, r s 70.59 to 0.60, n 16 in each test; no signi¢cant p values after sequential Bonferroni correction). In all analyses, SRB, BR and MR were logarithm (natural) transformed to ensure normal distribution of observations. Residuals of all models were normally distributed and variances were homogeneous (Levene's test). The SAS statistical package (SAS Institute Inc. 1990) was used for all analyses.
RESULTS

(a) OSR versus SRB
There were signi¢cant di¡erences in OSR among the di¡erent local populations (one-way ANOVA: F 20,93 3.83, p 0.0001), the average ratio ( AEs.e.) of reproducing males to females ranging from 1.00 AE 0.02 in Kitee to 0.86 AE 0.02 in Taivassalo (table 2) . In no parish did the mean longterm OSR exceed 1.00, although some point estimates had values well above unity (table 2) .
The mean SRB in the 21 study populations was 1.04 and thus well in line with the earlier studies showing that in humans an average of 106 boys are born for every 100 girls (Cavalli-Sforza & Bodmer 1971; Beiles 1974) . However, for example, when the average ratio ( AEs.e.) of boys to girls was 0.81 AE0.04 in Sodankyla« , on average 1.32 AE 0.15 boys were born for every girl in Artja« rvi (table 2). The overall e¡ect of OSR on SRB was signi¢cant (tables 1 and 3), a female-biased OSR leading to a male-biased SRB in 14 out of the 21 parishes (¢gure 2a). The fact that SRB in a given population was independent of the local mortality rate (table 3) indicated that in£uence of poor environmental conditions was apparently a less important determinant of SRB than OSR.
(b) OSR versus BR
There was a signi¢cant di¡erence in BR among the parishes (tables 1 and 3). In Kitee, an average of 0.17 AE0.04 children were born yearly for every woman aged 15^50 years old, whereas only 0.09 AE 0.01 were born in Ryma« ttyla« (table 2). The magnitude, and even the direction of the association between BR and OSR, varied among the populations, as indicated by a signi¢cant OSR Â parish interaction (table 3). In 15 out of the 21 parishes, BR increased with increasing OSR (¢gure 2b). Furthermore, a high overall mortality rate in a given parish was associated with decreased birth rate, as indicated by a signi¢cant e¡ect of MR on BR (table 3) . However, this relationship also varied across the parishes, as shown by the signi¢cant parish Â MR interaction (table 3 and ¢gure 2b).
DISCUSSION
In most of the local populations included in this study, males were produced in excess during times when the OSR (reproductive males : females) was female-biased.
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Proc. R. Soc. Lond. B (1998) This may suggest that the parents adjusted the sex ratio of their progeny in relation to the local OSR. It can be argued that it was probably advantageous for parents to overproduce the rarer sex in response to variation in OSR (Frank 1990) , as the mating opportunities of the more abundant sex are decreased in a monogamous mating system and, hence, the reproductive value of o¡spring of this sex is lowered. To our knowledge, this is the ¢rst time a possible sex ratio adjustment in response to local OSR has been reported for mammals, and humans in particular. That adaptive sex allocation is feasible in humans was recently demonstrated by Bereczkei & Dunbar (1997) . They showed that in the Hungarian Gypsy population, the expected ¢tness gain to parents through daughters (in terms of numbers of grandchildren) was greater than that through sons, and that the SRB was strongly female-biased (Bereczkei & Dunbar 1997) , as predicted by sex allocation theory (Trivers & Willard 1973) . Overproduction of the rarer sex can only be regarded as adaptive if the overproduced individuals of the rarer sex form a breeding population with members of the originally abundant sex. This was not exactly the case in the studied populations. If the newborn surplus males reached a marriageable age in their mid-twenties, then the older women (previously surplus) were at least 15 years older by de¢nition, and thus probably beginning to experience their climacterium. However, despite this time lag, the present situation might well have provided the only cue about the future mating opportunities in the population. In other words, we argue that if the OSR is currently biased, it may be that the best estimate of the OSR in the next generation, and hence of mating opportunities, is similar. We have also analysed our data to see whether the sex ratio of children born ¢ve years earlier (temporally the closest possible year in our data set), or the sex ratio of children aged 1^15 years, would predict the sex ratio of newborn infants. Our analyses revealed that neither of these possible cues for future OSR were signi¢cantly associated with the sex ratio of newborns (results not shown). Hence, it appears that the best cue for parents about the future OSR, or at least to which they seem to be responding to, might be the current OSR. It is also worth noticing that in our study populations males were only very rarely over-represented among reproductive individuals, and the shortage of men has been common through centuries due to wars and recruiting to the army. Therefore, it might be advantageous for women to be more sensitive to female than male bias in the population, and adjust the SRB accordingly. Indeed, in line with our results, after both World Wars there was a short but distinctive rise in the SRB in countries involved in the con£icts (Russel 1936; MacMahon & Pugh 1954) . Although satisfactory explanations for this phenomenon remain unclear (see Trivers 1985) , the war-time sex ratio increase, together with our results connecting the actual bias in OSR and current infant sex ratio, provide an evidentiary basis for investigation of how such sex ratio adjustments could occur.
Although the negative correlation between operational and secondary sex ratio was not observed in all of our study populations, it is worth emphasizing that these exceptions do not necessarily contradict the idea of adaptive sex ratio adjustment in these populations. For example, even if more daughters than sons were produced in some parishes during times when the OSR was femalebiased, it is possible that production of daughters was favoured by sociocultural and/or environmental factors. For instance, several mammalian studies have reported that mothers in good condition bias their sex ratio at birth in favour of males or in favour of females if 566 V. Lummaa and others Human sex ratio variation Proc. R. Soc. Lond. B (1998) nutritionally stressed (reviewed in Cassinello & Gomendio 1996) . This has been interpreted as adaptive and could be expected to occur in humans as well. If so, then this, together with the large sampling variance of our sex ratio estimates, could explain the deviating results from few parishes. Our results con¢rm that the birth rate was at its highest in most of the local human populations when OSR was close to 1:1. The association between overall mortality rate and birth rate was also signi¢cant, birth rate being lowest in most of the populations at the time when mortality rate was at its highest. This may result from both a lowered conception rate and perhaps higher probability of abortion during a period of poor conditions. Nevertheless, the in£uence of OSR on birth rate was shown not to be a simple by-product of the e¡ect of mortality, because OSR in a given population was independent of local mortality rate.
Finally, the cues that people might pick up to adjust the sex ratio of their o¡spring in response to adult sex ratios are di¤cult to study, as are the mechanisms translating those perceptions to di¡erential production of sons and daughters. The role of infanticide as a determinant of infant sex ratio in our study was presumably very minor or non-existent, as this kind of behaviour was highly criminal and, if practised, severely punished. The theoretical segregational sex ratio of a diploid organism with chromosomal sex determination is 1:1, and the observed sex ratio at birth generally only slightly departs from this ¢gure (Clutton-Brock & Iason 1986) . Despite some recent progress in the ¢eld (James 1990 (James , 1992 (James , 1996 , our knowledge about proximate mechanisms by which the sex ratio is adjusted remains obscure. Yet, as evidence for adaptive modi¢cation of sex ratios in vertebrates with chromosomal sex determination exists (e.g. Ellegren et al. 1996; Svensson & Nilsson 1996; Bereczkei & Dunbar 1997; Komdeur et al. 1997 ; this study), future studies are needed to understand the processes.
To conclude, our results suggest that humans adjusted the sex ratio of their o¡spring in response to the local OSR in such a way as to maximize the reproductive success of their progeny, i.e. by producing more sons when males were rare. In addition, the results demonstrate that a biased sex ratio among reproducing humans led to a decreased birth rate and thus, presumably, a lowered population growth rate. The strength of these trends varied among parishes, suggesting that results from studies examining adaptiveness of sex ratio variation in only one or a few local populations should not be extrapolated beyond the populations under focus.
